Immunoglobulin and T-cell receptor genes are assembled during lymphocyte development by a novel, highly regulated series of gene rearrangement reactions known as V(D)I recombination. All rearranging loci are flanked by conserved heptamer-nonamer recombination signal sequences. Gene rearrangement results in the imprecise fusion of coding sequences and the precise fusion of signal sequences. DNA molecules with double-stranded breaks near signal sequences have been detected in cells undergoing V(D)I recombination of the TCR8 locus. We have devised a ligation-mediated PCR assay that detects broken-ended molecules in purified genomic DNA. Using this assay we found that DNA breaks occurring precisely at the signal sequence-coding sequence junction are a general feature of V(D)I recombination, appearing in association with each type of rearranging immunoglobulin gene segment. We show that a significant fraction of these broken ends are blunt and 5'-phosphorylated. In addition, detection of these broken-ended signal sequences is dependent on the activity of RAG-1 and RAG-2, and is restricted to the Go/G1 phase of the cell cycle 
{functional Ig~, IgK, and Igk, and TCRa, TCR[~, TCR-~, and TCR~ genes) have been characterized extensively, details regarding the reaction mechanism and its modes of regulation remain elusive.
The gene rearrangement program is ordered and occurs in a lineage-specific pattern during lymphoid development. i~-Heavy-chain gene rearrangement usually precedes K-light-chain gene rearrangement during B-cell development, and TCRI3 gene rearrangement precedes ~x gene rearrangement during T-cell development. Immunoglobulin heavy-chain D-tO-/H rearrangement occurs in all B and some T cells, TCR D-to-[B rearrangement occurs in T and some B cells, but V-to-D[ rearrangement is strictly lineage specific (Ferrier et al. 1990 ). Recent evidence supports the notion that products of D-tO-/H and V-to-DIll gene rearrangement regulate B-cell development. Targeted mutation of the membrane exon of the gene prevents efficient K gene rearrangement and interferes with heavy-chain allelic exclusion, supporting the suggestion that VL protein may help to mediate ordered gene rearrangement in B cells (Kitamura et al. 1991; Kitamura and Rajewsky 1992}. Molecular biological approaches have led to the identification of several gene products required for V(D)! recombination. RAG-1 and RAG-2 were cloned on the basis of their ability to activate recombination of an immunoglobulin-like reporter construct upon transfection into a fibroblast cell line (Schatz et al. 1989 ; Oettinger et al. 1990} . RAG-1 and RAG-2 are coordinately expressed in immature B and T cells, are not expressed in mature lymphocytes, and are both required for V(D)I recombination. Their precise roles in recombination remain unclear, but homozygous disruption of either gene results in mice incapable of carrying out V(D)J recombination and completely lacking mature B and T cells (Mombaerts et al. 1992 ; Shinkai et al. 1992} . A similar, but less severe, phenotype is associated with the routine scid mutation {Hendrickson et al. 1988~ Malynn et al. 1988 . Homozygous scid mice display ineffective V(D)[ recombination resulting in large deletions at the sites of attempted coding sequence joining. Interestingly, both lymphoid and nonlymphoid cells from scid mice show increased sensitivity to DNA damaging agents, leading to the hypothesis that the scid gene product is not necessarily lymphoid specific (Biedermann et al. 1991; Hendrickson et al. 1991) . By use of a cotransfection approach, two additional genetic loci were recently identified that show mutant phenotypes involving both DNA damage repair and V(D)I recombination (Taccioli et al. 1993) .
In contrast to the relative lack of detailed information on the enzymatic components of the V(D)J recombinase, much is known about the structure of rearranging loci and the products of rearrangement (Tonegawa 1983) . All immunoglobulin and TCR gene segments are flanked by highly conserved heptamer and nonamer recombination signal sequences (RSSs). The heptamer and nonamer are separated by nonconserved spacer DNA of either 12 or 23 (+-1) nucleotides, and only gene segments with flanking RSSs that have dissimilar spacer lengths recombine with one another. Recombination of gene segments results in two products--a coding joint and a signal joint. The coding joint is an imprecise fusion of the coding regions of V and D, D and J, or V and ] gene segments. Nucleotides are frequently deleted and sometimes added (N and P nucleotides) to these joints (Desiderio et al. 1984; Lafaille et al. 1989 ). The existence of P nucleotides, short palindromic repeats at the junctions of coding sequences, might be explained by a hairpin DNA reaction intermediate (Lafaille et al. 1989; Lieber 1992) . In contrast, signal joints are most often precise, head-to-head fusions of heptamers without addition or deletion of nucleotides (Lewis et al. 1985) . The structure of the signal joint led various workers to suggest that an early step in the reaction must include the recognition and cleavage of DNA at the heptamer-coding sequence junction. Roth, Gellert, and their colleagues recently described two novel DNA molecules that are probably reaction intermediates in V(D)J recombination (Roth et al. 1992a, b) . By use of Southern blot hybridization, these workers detected double-stranded breaks associated with RSSs and covalently closed DNA hairpins associated with coding regions of the TCR~ locus in DNA purified from thymocytes undergoing TCR8 gene rearrangement. Interestingly, the hairpin ends could be detected only in scid thymocytes. They proposed that these broken DNA molecules were reaction intermediates in V(D)J recombination with structures that might account for the observed products of the reaction as suggested above.
In this paper we describe a sensitive PCR-based assay for locus-specific broken-ended DNA. We show that precise broken-ended RSSs are associated with each rearranging immunoglobulin locus in cells undergoing V(D)J recombination. These broken-ended RSSs are RAG-1 and RAG-2 dependent, blunt, 5'-phosphorylated, and cell cycle regulated. In currently available assays for endogenous (as opposed to reporter construct) gene rearrangement, PCR is used to detect the products of V(D)J recombination--DJ H, VDJH, and V/K-rearranged DNA (Schlissel and Baltimore 1989; Schlissel et al. 199 la) . Experiments using gene rearrangement PCR assays to study locus-specific regulation of the V(D)J recombinase are limited by the fact that the products of immunoglobulin gene rearrangement affect cell division and cell life span; therefore, the detection of rearranged immunoglobulin genes reflects the targeting of the V(D)J recombinase only indirectly. Furthermore, these assays cannot distinguish between ongoing and completed gene rearrangement in a mixture of developing cells. We argue that the presence of locus-specific, broken-ended RSS DNA indicates V(D)J recombinase activity at that particular locus. We have used this assay to characterize the effects of the scid mutation and an Ig~ transgene on the targeting of the V(D)I recombinase during B-cell development.
Results

A linker-ligation assay for broken-ended RSS DNA
We devised a technique, based on ligation-mediated PCR [LMPCR (Mueller and Wold 1989)] , that detects bluntended DNA molecules associated with any characterized locus in purified genomic DNA (Fig. 1) . A partially double-stranded oligonucleotide linker (BW linker) is ligated to purified genomic DNA by use of T4 DNA ligase. The blunt, nonphosphorylated, asymmetric structure of the linker is such that it can ligate only in a single orientation to blunt, 5'-phosphorylated genomic DNA. Broken DNA in association with a particular locus is then detected by a pair of nested PCR assays with locus-specific primers (labeled 1 and 2 in Fig. 1 ) and a primer identical to the ligated strand of the linker (BW-1 or BW-1H), followed by Southern blot hybridization. The same ligated genomic DNA sample can be used to map doublestranded DNA breaks in association with multiple loci by altering the specific primers used in the PCR step of the assay.
We used this LMPCR technique to test DNA from various mouse tissues and cell lines for broken-ended RSSs associated with various immunoglobulin gene loci (Fig. 2) . Linker-ligated DNA samples from newborn thymus, 2-month-old wild-type bone marrow, 2-month-old scid bone marrow, and the Abelson virus-transformed RAG-2-deficient cell line 63-12 [kindly provided by Dr. Fred Alt (Shinkai et al. 1992) ] were analyzed by locusspecific PCR and Southern blot assays. Hybridizing fragments corresponding in size to breaks at various Jn, JK, and Dfll6.1 RSSs were detected in certain tissues (arrows). Control PCR assays of an unrelated genetic locus (the CD14 gene) indicated that similar amounts of ligated DNA were used in each assay (lanes 16-20) .
Dill6.1 is the most JR-distal of the known mouse DR genes and was shown to be involved in almost 50% of D-to-JH rearrangements detected in the fetal liver (Chang et al. 1992 ) and in Abelson virus-transformed pre-B cell lines (Reth et al. 1986 ). Our Dfll6.1-specific PCR primers are 5' to the D-gene coding sequence. Because V-to-DH rearrangement does not occur in the absence of previous D-tO-JH rearrangement, and D-tO-JH rearrangement invariably occurs in a unique orientation (such that the sequences 5' to the rearranged DH gene are preserved) (Alt et al. 1984; Schlissel et al. 1991a ), we believe that Scidissel et al. . We found that the distribution of these broken-ended molecules mimicked the previously described lineage-specific rearrangement activity of the heavy-and light-chain loci (Alt et al. 1992; Schatz et al. 1992) in that DNA from thymocytes, in which only D-tO-JH rearrangement occurs, contained only Jwassociated DNA breaks, whereas bone marrow contained Jw, Dill&l-, and JK-associated DNA breaks ( Fig. 21 . To determine whether these amplified products corresponded to RSS breaks, they were cloned and their DNA sequences determined (Fig. 3) . DNA sequence analysis of multiple independently cloned PCR products revealed that the bands indicated by arrows in Figure 2 were fusions of the linker to RSS DNA broken precisely at the heptamer-coding sequence junction.
In addition to the PCR products indicated in Figure 2 , we cloned and determined the DNA sequence of other LMPCR products found only in cell types with active V(D)J recombinase or in both recombinase positive and negative cell types. Two PCR products observed only in DNA from tissues active in V(D)J recombination proved to be precise fusions of the linker-to-heptamer-like sequences 5' to JH1 and JH2 (Fig. 3, sequences 1 and 4) . These broken ends were at least 10-fold less frequent than authentic broken-ended RSSs in thymocyte DNA (determined by template dilution, as in Fig. 4C ; data not shown).
Several bands were seen in some assays performed on cells regardless of the expression of V(D)J recombinase activity. The ends of these fragments were also precise but lacked any apparent sequence similarities to one another (Fig. 3) . Examples of this type of broken end include the PCR fragment migrating slightly faster than the JH 1 fragment in Figure 2 , lanes 3-5 (Fig. 3 , sequence 2) and the JK2 fragment in Figure 2 , lane 8 {sequence not shown). It is possible that these ends were generated by nucleases in vivo or during DNA purification.
The structure of broken-ended RSSs -5, 11-15, and 6-10 respectively) . A set of Southern blots is shown, with the positions of sequenced RSS breaks indicated by the arrows. Lanes 16-20 show an ethidium-stained electrophoretie analysis of control PCR assays performed on the ligated samples using a pair of primers specific for a nonrearranging genomic locus {the CD14 gene). The expected product is indicated by the arrow (C). Lanes labeled linker are control ligations with linker but no genomic DNA. {63-12} A RAG-2-deficient Abelson virus-transformed pre-B cell line (Shinkai et al. 1992 ); (WT BM) wild-type bone marrow; (Scid BM) bone marrow from homozygous scid mutant mice.
mixed small aliquots with thymus DNA before modifying enzyme treatment. As shown in Figure 4 , filling in overhanging 3' or 5' ends with T4 or Klenow polymerase treatments only modestly affected our ability to detect Jn-associated RSS ends (0-to 3-fold differences in intensity between treated and untreated samples on three repetitions of this assay) but were necessary for us to detect the digested plasmid control DNAs (Fig. 4B ). Control PCR assays indicated that identical amounts of DNA were added to each assay (data not shown). We therefore conclude that a significant fraction of the broken-ended RSSs in thymocyte DNA are blunt ended. It remains possible, however, that broken DNA molecules with other structures (i.e., hairpin or other covalent modifications of their ends) might exist in cells undergoing V(D)J recombination. Phosphorylation of the DNA with polynucleotide kinase did not affect our assay signal, but phosphatase treatment completely inhibited linker ligation to both the thymocyte and blunt-cut control DNAs (Fig. 4A} . T4 kinase treatment of the dephosphorylated DNA sample restored its activity in this assay (data not shown). Because the BW linker is unphosphorylated and T4 DNA Signal sequence breaks in V(D)J recombination ligase requires a 5' phosphate for ligation to occur, we conclude that the 5' end of the heptamer must be phosphorylated.
Control experiments demonstrated that the intensity of the PCR signal in the linker-ligation assay is proportional to the frequency of broken-ended RSSs in the target DNA. Figure 4C shows the results of an experiment in which we serially diluted thymocyte DNA into DNA isolated from 63-12 (RAG-2-deficient) cells and carried the samples through both linker-ligation and PCR steps. Because we were able to see differences in intensity corresponding to fourfold changes in the frequency of PCR targets, we conclude that striking increases in the frequency of linker-ligation targets in the experiment shown above (Fig. 4A, B) would have been detected.
We found that the JH-associated broken RSS signal was lost at a point between 1 in 64-fold and 1 in 256-fold dilution (Fig. 4C ). Because the assays in this experiment detected signals from 40 ng of genomic DNA {-6600 genomes) diluted 64-fold, we estimate the frequency of Jn-associated broken-ended RSS DNA in newborn thymocytes to be at least 1 break in every 100 genomes. This is probably an underestimate because (1) not all thymocytes are active in V(D)I recombination, and (2} the assay is not 100% efficient.
RAG-1 and RAG-2 are required for the generation or stability of broken-ended RSS DNA
To determine whether our ability to detect broken-ended RSS DNA was dependent on the activity of RAG-l, we assayed DNA purified from RAG-l-deficient bone marrow (E. Spanopoulou, C.A.J. Roman, L. Corcoran, M.S. Schlissel, D. Silver, U. Storb, D. Nemazee, M. Nussenzweig, S.A. Shinton, R.R. Hardy, and D. Baltimore, in prep.). Bone marrow from RAG-deficient mice contain near normal numbers of B220 + B-cell progenitors but are completely lacking sIg + mature cells {Mombaerts et al. 1992; Shinkai et al. 1992) . We found that inactivation of the RAG-1 gene resulted in the failure to detect brokenended RSS DNA (Fig. 5A , cf. lanes 1 and 3 with 2 and 4). In addition, we failed to detect RSS ends in the RAG-2 deficient Abelson virus-transformed cell line 63-12 [lane 6 (Shinkai et al. 1992) ] but could detect them in several wild-type Abelson virus-transformed cell lines (data not shown). These results are consistent with the observed failure of this and similar RAG mutant animals and cell lines to complete immunoglobulin (or TCR) gene rearrangement [ (Mombaerts et al. 1992; Shinkai et al. 1992 ) Fig. 5I ]] and leads us to conclude that RAG-1 and probably RAG-2 activities are required for the generation or stability of these putative V(D)J recombination reaction intermediates.
A ~ transgene and the scid mutation alter the pattern of broken-ended RSS DNA in bone marrow
Expression of the membrane-associated form of ~ protein is required for normal B-cell development {Kitamura Schatz et al. 1992) . To test this notion, we examined DNA from wild-type and ~-transgenic 4-month-old adult bone marrow for locusspecific RSS breaks and ~ and K gene rearrangement {Fig. 5). We found a striking change in the distribution of RSS breaks and immunoglobulin gene rearrangement dependent on a W transgene {Nussenzweig et al. 1987). We found that w-transgenic bone marrow DNA contained greatly diminished levels of Df116.1-associated RSS breaks (Fig. 5A, lanes 1,3} . PCR assays that detect and quantify VD[H-rearranged alleles (Schlissel and Baltimore 1989; Schlissel et al. 1991a} showed that v,-transgenic bone marrow contains fewer VDln-rearranged alleles than wild-type bone marrow [ Fig. 5B, lanes 9,11) .
These results lead us to conclude that feedback regulation of V-to-D] n rearrangement probably acts at a step in the recombination reaction before the generation of broken DNA ends.
We found that ~-transgenic bone marrow DNA contained more frequent/H-associated RSS breaks {Fig. 5A lanes 1,3). PCR assays for D-tO-/H rearrangement revealed increased numbers of Din alleles in the DNA as well {Fig. 5B, lanes 9,11 }. The increased frequency of D[H alleles reflects, at least in part, increased stability of these alleles as a result of feedback inhibition of V-to- We observed that JH-associated RSS breaks are infrequent in nontransgenic 4-month-old bone marrow DNA relative to the frequency of DJn-rearranged alleles {Fig. 5). Bone marrow DNA from younger mice, however, contam more frequent/H-associated RSS breaks [ Fig. 2 ). This is probably attributable to diminishing numbers of the earliest B-cell progenitors as a consequence of age. In contrast, a majority of B-lineage cells, regardless of their stage of maturity, have been shown to contain DJwrearranged alleles [Hardy et al. 1991} .
Paradoxically, we found an increased frequency of V/Krearranged alleles but an unchanged frequency of JK-associated broken ends in v,-transgenic bone marrow {Fig. 5A, B). This might be attributable to (1} the inability of the human v,-transgene product to pair (and form slgM) with a fraction of endogenous mouse VJK gene products, resulting in ongoing but nonproductive V-to-JK gene rearrangement; or (2) altered numbers of precursor B cells at the various stages of B-cell development in the ~-transgenic mice (Muller et al. 1989) . The resolution of this question awaits purification and analysis of various precursor populations from these mice.
We extended our analysis of broken-ended RSS DNA 1990 ). We believe that our failure to detect /K-associated broken ends and VIK alleles in scid bone m a r r o w supports the idea that productive ~ gene rearrangement, severely decreased in scid mice {Fig. 5B, lane 15), is required for efficient V-to-lK gene rearrangement 
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The pattern of broken-ended RSS DNA and RAG-1 gene expression in newborn and adult spleen
sIgM + mature B-cell lines do not rearrange transfected immunoglobulin gene rearrangement reporter constructs and do not express RAG-1 or RAG-2 m R N A (Lieber et al. 1987; Oettinger et al. 1990 ). To determine when the V(D)J recombinase is inactivated during B-cell development, we assayed RAG-1 m R N A levels and immunoglobulin gene-associated broken-ended RSS DNA in newborn (3-day-old) and adult (6-month-old) spleen. Newborn spleen was reported to contain clonable lymphoid precursors (B220 + sIgM-) as well as immature (sIgM + sIgD-) B cells (Yellen et al. 1991; Rolink et al. 1993) .
We purified RNA and D N A from adult splenocytes and from newborn splenocytes sorted into B220 + sIgMand B220 + sIgM + fractions by flow cytometry (Fig. 6A) . Reanalysis of the sorted cell populations showed them to be 95% pure (Fig. 6A , middle and bottom panels). Using reverse transcriptase (RT) PCR, we found that RAG-1 m R N A was present in both the sIgM-and sIgM + splenocyte fractions but absent from unfractionated adult splenocytes (Fig. 6B) . Analysis of RAG-2 m R N A with the same eDNA preparations yielded identical results (data not shown). Control amplifications [the transcript of a class I major histocompatibility complex (MHC) gene; labeled H-2] showed that roughly equivalent amounts of RNA were used in each assay. Likewise, both fractions of newborn splenocytes contained /K-associated brokenended RSS DNA, whereas we were unable to detect these broken-ended molecules in adult splenocyte D N A (Fig.  6C) . Because the sorted B220 + sIgM + population contained only 1% B220 + sIgM-cells, it is unlikely that contaminating cells accounted for the observed pattems of RAG transcription and broken-ended RSS DNA.
Therefore, we conclude that RAG m R N A and the V(D)I
recombinase activity that generates broken-ended RSSs are at least transiently expressed in sIgM + i m m a t u r e B cells and are coordinately inactivated during the transition to B-cell maturity.
Dill6.1-associated broken ends were highly enriched in sIgM-newborn splenocytes (Fig. 6C ). This result is complementary to the decrease in Dfll6.1-associated broken ends that we observed in p.-transgenic bone marrow D N A (Fig. 5) . Both newborn B220 + spleen fractions contained JH2-but not JHl-associated broken-ended RSS D N A (Fig. 6C ). This is in contrast to adult spleen, which contains no JH-associated broken ends, and to bone marrow and thymus, which contain both JHl and JH2 ends. This pattern of broken ends reflects the fact that B220 + newborn splenocytes have already undergone D-to-JH rearrangement on both heavy-chain alleles (hence, up- A Southern blot of the RAG-1 assay and an ethidium bromide-stained gel of the H-2 control assay are shown with the specific RT PCR products indicated by the arrows. The reactions shown as lane 7 contained no RNA. {C) LMPCR assays for broken-ended RSS DNA. DNA from the sources described above and from the RAG-2-deficient cell line 63-12 were subjected to LMPCR assays for JH-, Dill6.1-, and/K-associated broken ends. A series of Southern blots are shown with the positions of specific broken ends indicated by the arrows. C indicates a series of control PCR assays. The reactions shown in lane 8 contained no DNA. stream of JH1 broken ends can no longer exist}, and some continue to undergo replacement rearrangements joining upstream D H segments to downstream JH segments (Reth et al. 1986 ). In contrast to Dfll6.1-associated breaks, JH-associated breaks persist into the immature sIgM + stage of B cell development indicating that D-to-JH rearrangement is not regulated by productive V-to-DJH rearrangement.
Cell-cycle regulation of broken-ended RSS DNA
Developing lymphocytes undergo several rounds of cell division during the assembly of their antigen receptor genes (Osmond 1986; Decker et al. 1991) . The presence of double-stranded breaks at RSSs during S phase or mitosis might be deleterious to proliferating cells. Universal mechanisms exist to prevent or delay progress through the cell cycle in response to double-stranded DNA breaks {Kastan et al. 1992; Murray 1992) . We therefore wanted to determine whether our ability to detect broken-ended RSS DNA was restricted to a specific phase of the cell cycle.
We harvested thymocytes from 4-day-old mice, stained them with propidium iodide, and sorted them into two fractions based on their DNA content (Fig. 7A ): Go/G1 and S-G2/M. Reanalysis of the sorted populations showed them to be at least 97% and 95% pure, respectively (Fig. 7A) . We then purified DNA from these fractions and assayed it for JH-associated broken ends.
This analysis showed that JH-associated broken ends were significantly enriched in DNA isolated from cells in the Go/G1 phase of the cell cycle and nearly absent from S-G~/M-phase cells (Fig. 7B, of. lanes 1 and 2) . The Go/G1 DNA sample used in the experiment shown in Figure 7 was serially diluted into DNA from the RAG-2-deficient cell line 63-12 and subjected to linker-ligation and PCR. The JH-associated broken-ended RSS PCR products were detectable at a 1:20 but undetectable at a 1:40 dilution of the Go/G1 DNA (data not shown). Therefore, the frequency of broken-ended RSS DNA in the G2-S/M-sorted sample is -20-fold lower than that which was present in the Go/G~-sorted sample and might be entirely accounted for by contaminating Go/GI cells (4% by FACS analysis). In addition, treatment of the S--G2/M DNA sample with Klenow polymerase, T4 polymerase, or polynucleotide kinase before linker-ligation, as in the experiment shown in Figure 4 , did not alter our inability to detect broken-ended RSSs in this DNA sample (data not shown). Control PCR assays that amplified a unique single-copy gene from these same samples showed that the DNA prepared from these fractions was comparable in amount and quality (Fig. 7C) . This experiment has been repeated several times with similar results. 
Discussion
Our linker-ligation assay for broken DNA is a modification of the ligation-mediated PCR genomic footprinting approach introduced by Wold and colleagues (Mueller and Wold 1989) . In footprinting assays, singlestranded breaks in DNA introduced by chemical agents or nucleases are mapped by primer extension, linker ligation, and PCR. In the present assay, linker ligation and PCR are used to map pre-existing double-stranded breaks in purified genomic DNA. Individual aliquots of the linker-ligated DNA can be assayed for breaks at any genetic locus for which primers are available, making this approach of general use for other studies of genome structure. This assay can be modified by various enzymatic pretreatments of the genomic DNA to detect and map single-stranded nicks and gaps, nuclease hypersensitive sites, and DNA hairpins {data not shown). Another advantage of the LMPCR approach over Southern blotting is quantitative--Southern blot detection of broken TCD~ locus-associated DNA breaks required 80 ~g of DNA per assay (Roth et al. 1992a, b) , whereas we have used as little as 100 ng of DNA for LMPCR. In addition, LMPCR results in fragments that can be cloned and sequenced in order to determine the precise structure of the broken end.
The structure of broken-ended RSS DNA, a probable V{D)J recombination reaction intermediate
By use of DNA-modifying enzyme pretreatments, we showed that a sizable fraction of the broken RSS DNA that we detect in developing lymphocytes is blunt ended and 5' phosphorylated (Fig. 4) . We cannot determine precisely what fraction of the accessible ends has this structure because of the limitations of the assay. The data shown in Figure 4 , however, are representative of three repetitions of the experiment. In no case did we find a consistent increase in the LMPCR signal with a particular enzymatic pretreatment. It is possible that some of the increased signal subsequent to enzyme pretreatment was attributable to repair of ends damaged during DNA purification.
Although we presume that this LMPCR assay detects a reaction intermediate of the V(D)J recombination pathway, there is no formal proof that the broken-ended RSS DNA detected by our assay eventually would have been ligated to another RSS to form a signal joint. Our inability to detect broken RSS DNA in latter stages of the cell cycle, however, indicates that breaks occurring during G1 must either be religated or made inaccessible to LM-PCR analysis before S phase and remain so throughout G2 and mitosis. Other stable reaction intermediates or by-products involving RSSs might exist in developing lymphocytes but might not be detectable by LMPCR. A population of broken-ended RSS DNA that is covalently associated with protein might fail to ligate to the linker. Likewise, LMPCR fails to detect broken-ended DNA hairpins associated with gene coding sequences (Roth et al. 1992b ; data not shown).
DNA sequence analysis revealed that the RSS-associated DNA breaks detected by LMPCR occur precisely at the heptamer-coding sequence junction. If these broken DNA molecules are reaction pathway intermediates, our failure to detect additional nucleotides at their ends and the precise head-to-head nature of their recombination product lead us to suggest that heptamer-heptamer ligation must be mediated by protein-protein interaction rather than DNA homology.
DNA sequence analysis of cloned LMPCR products from the heavy-chain locus revealed two novel RAGdependent broken-ended molecules in addition to those abutting/H genes. Both of these fragments ended at sequences with striking homology to the heptamer {Fig. 3J. We therefore suggest that the recombinase might be error prone, recognizing cryptic heptamer sequences at least within the vicinity of proper heptamer-nonamer signal sequences. Cryptic heptamers were shown previously to be substrates for the V(D)I recombinase in experiments with transfected recombination reporter constructs (Lewis and Hesse 1991) . Sklar and colleagues reported that V(D)I recombination rarely can occur as an interehromosomal reaction inappropriately generating TCR-immunoglobulin fusion genes (Kobayashi et al. 1991} . It is possible that the ability of the recombinase to cleave heptamers and promote recombination is not limited to the immunoglobulin or TCR loci but may extend to other loci with suitable DNA sequences. The consensus heptamer, which is based on naturally occurring sequences, is (C/T){A/ G)(C/T){T/A)GTG. The final three nucleotides abutting the coding sequence are the only three that are absolutely conserved {Hesse et al. 1989). There is even less stringent conservation of the nonamer. Searches through GenBank revealed that matches to the consensus heptamer occur frequently in the coding regions of a large number of genes (data not shown). Recombination of these inappropriately broken ends might be responsible for the chromosomal translocations common to lymphoid leukemias and lymphomas (Korsmeyer 1992; Gauss and Lieber 1993) We infer that mechanisms, in addition to heptamer-nonamer recognition, must exist to limit the error rate of the V(D)J recombinase. Some data suggest that one such mechanism involves DNA methylation (Hsieh and Lieber 1992) . Another mechanism might involve transcription activity.
Cell cycle regulation of the V(D)J recombinase activity
In addition to a possible role in chromosomal translocation, broken-ended RSS DNA has the potential to disrupt DNA synthesis or the integrity of chromosomes during mitosis. To determine whether mechanisms exist that coordinate V(D)I recombinase activity with the cell cycle, we assayed DNA purified from sorted thymocytes at the Go/G1 or the S-Gz/M stages of the cycle for/H-associated broken-ended RSS DNA. We detected brokenended RSS DNA almost exclusively in cells purified during the Go/G1 portion of the cell cycle {Fig. 7). Although it is possible that {1) broken-ended heptamers exist but are inaccessible to LMPCR or that (2) broken-ended RSSs are generated during G2 but form signal joints or "openshut" joints more rapidly, we believe that these data indicate cell cycle-regulated production of these putative reaction intermediates. In addition, this result confirms our presumption that RSS-associated broken ends reflect active V(D)J recombinase activity in cycling cells at a particular locus at the time cells were harvested for analysis by excluding the possibility of accumulation of these broken-ended molecules over more than one cell division cycle.
Recent data from Lin and Desiderio show that RAG-2 protein levels in transfected fibroblasts are regulated via a phosphorylation-dependent degradation pathway (Lin and Desiderio 1993) . Furthermore, studies on the coordination of DNA repair with the cell cycle have revealed that cells sustaining DNA damage arrest their progression through the cell cycle until the damage has been repaired. One such regulatory pathway depends on the ataxia-telangectasia, GADD45, and p53 gene products (Kastan et al. 1992} . Our data are in accord with the previous suggestion that coordination of V(D)J recombination and the cell division cycle might be attributable to the cell cycle-regulated degradation of one or both RAG proteins and to signals transmitted by broken DNA, which arrest the cycle at the G1/S interface until this damage is healed (Kastan et al. 1992; Lin and Desiderio 1993} . This might account for the increased frequency of lymphoid malignancies and ineffective lymphopoiesis characteristic of p53-deficient mice and of humans with ataxia-telangectasia (Donehower et al. 1992} . We are currently engaged in experiments testing this hypothesis.
Broken-ended RSS DNA is a general feature of V(D)J recombination and reflects the developmental regulation of the V(D)J recombinase
Previous workers were able to detect double-stranded DNA breaks associated with RSSs in the TCR8 locus in newbom thymus (Roth et al. 1992a, b}. We have extended these observations by finding that rearranging immunoglobulin heavy-and light-chain gene loci also contain broken-ended RSS DNA. Furthermore, we have shown that the distribution of these broken DNA molecules reflects the developmental regulation of the recombinase in the following settings: (1) RAG-l-deficient bone marrow and a RAG-2-deficient cell line fail to generate broken-ended RSS DNA (Figs. 2 and 5); (2) RAG-1 and RAG-2 transcripts and broken-ended RSS DNA are present in sIgM + newborn splenocytes and absent from sIgM + adult splenocytes (Fig. 6 ); (3) /H-associated RSS breaks occur in both B-and T-cell lineages, whereas Df116.1 and ]K-associated RSS breaks are B-lineage restricted (Fig. 2) ; (4) a ~ transgene or productive V-to-DJH rearrangement results in diminished Dfll6.1-associated broken-ended RSS DNA in adult bone marrow and in B220 + sIgM + newborn splenocytes (Figs. 5 and 6); and (5) the scid mutation alters the pattern of broken-ended RSS DNA and immunoglobulin gene rearrangements in a predictable fashion (Fig. 2} . Therefore, we conclude that developmentally regulated gene rearrangements are controlled at a step affecting the levels of the corresponding broken-ended RSS DNA.
Although we favor the idea that developmental regulation acts at the step of generating RSS breaks, our data are also consistent with the hypothesis that the stability or accessibility to LMPCR of broken ends is developmentally regulated. For example, it is possible that the transgene promotes heptamer-to-heptamer ligation or open-shut joint formation {Lewis and Hesse 1991) and not heptamer-coding sequence cleavage leading to a shorter half-life and lower steady-state levels of brokenended Dill6.1 RSS DNA. Likewise, if broken-ended RSS DNA were to undergo covalent modification during V(D)I recombination {hairpin end formation or covalent association with protein}, the molecules might persist but become invisible to LMPCR. Our inability to detect broken-ended coding sequence DNA by use of this LM-PCR scheme is consistent with this possibility {data not shown}. Previous studies with two-dimensional electrophoresis, however, failed to detect any evidence of covalent modification of RSS ends (Roth et al. 1992b ).
Materials and methods
The purification of cells and DNA
Thymocytes and splenocytes were isolated from BALB/c mouse pups <1 week of age and from adult mice by dissection, mechanical disruption of the tissue, filtration through nylon mesh, and washing by centrifugation with PBS/2% calf serum. Adult splenocytes were further purified by NHaC1 lysis (Coligan et al. 1991) . Bone marrow cells from wild-type BALB/c, homozygous scid, and RAG-deficient or ~-transgenic mice were purified from dissected femurs flushed with PBS/calf serum. Erythroid cells were lysed by NHaC1 before DNA purification. RAG-ldeficient mice, generated by targeted disruption in embryonic stem cells is described elsewhere (E. Spanopoulou, C.A.J. Roman, L. Corcoran, M.S. Schlissel, D. Silver, U. Storb, D. Nemazee, M. Nussenzweig, S.A. Shinton, R.R. Hardy, and D. Baltimore, in prep.). These mice were mated with human-~-transgenic mice (Nussenzweig et al. 1987) , and the genotypes of the progeny were determined by PCR assays.
Neonatal spleen cells were prepared for sorting by incubation with a combination of biotin-anti-B220 (clone RA3-6B2) and fluorescein-anti-IgM lantiserum, Southern Biotech)for 15 rain on ice, washed three times in staining medium, followed by a 15-rain incubation with phycoerythrin-avidin {Caltag) and three washes. Stained cells were then run on a dual laser/dye laser flow cytometer (FACStar PLus, Becton Dickinson Immunocytometry Systems) equipped with filters for four-color analysis. Sorted samples were reanalyzed for purity, counted, and prepared for RNA and DNA analysis.
DNA for linker ligation was routinely purified by SDS/proteinase K digestion and phenol/chloroform extraction as described (Ausubel et al. 1987) . RNA was purified by the guanidinium acid phenol method (Ausubel et al. 1987) . DNA from FACS-purified newborn spleen was purified by the agarose plug method essentially as described {Hardy et al. 1991).
Linker-ligation PCR assay for broken-ended DNA
The BW-1 and BW-2 oligonucleotides were annealed by mixing Cold Spring Harbor Laboratory Press on June 24, 2017 -Published by genesdev.cshlp.org Downloaded from 2 nmoles of each in a volume of 100 ~1 of 250 mM Tris (pH 7.7), heating the mixture to 90~ for 5 min, incubating at 60~ for 5 min, and allowing the mixture to cool to room temperature. This linker mixture was stored frozen and thawed on ice before use.
Purified DNA (1-3 ~g) was ligated to the BW linker (Mueller and Wold 1989) in a reaction volume of 50 }xl containing 66 mM Tris (pH 7.5), 5 mM MgCI~, 1 mM DTT, 1 mM ATP, 20 pM linker, and 2.5 units of T4 DNA ligase (Boerhinger Mannheim). Ligations were incubated at 16~ for 12-16 hr. The reactions were then diluted with an equal volume of a buffer containing 10 mM Tris (pH 8.3), 50 mM KC1, 0.5% NP-40, and 0.5% Tween 20 and heated to 95~ for 15 rain to inactivate the ligase, dissociate the unligated strand of the linker, and denature the DNA for subsequent PCR. Samples were stored at -20 ~ C until PCR.
A nested PCR strategy was used to identify the sites of linker ligation. Ligated DNA (50-100 ng) was used in a 25-~1 hot-start PCR assay containing 25 ng of the linker primer [either BW-1 (experiments in Figs. 2 and 4) or BW-IH (Figs. 5-7) ] and 25 ng of each locus-specific primer {~~ ~~ Dfll6.1B), 10 mM Tris at pH 8.3, 50 mM KC1, 2 mM MgC12, and 0.5 units of Taq polymerase.
Samples were amplified for 12 cycles of 1 min at 94~ and 2 min at 66~ followed by a final 10-min extension step at 72~ The reaction product {1 ~1) was then used to program an additional 27 cycles of PCR in an identical buffer containing a second, nested locus-specific primer (~~ K ~ or Dill6.1) and BW-1 or BW-1H as noted above. The BW-1H primer is identical to BW-1, the long strand of the linker, except for three additional nucleotides (CAC) at its 3' end. These added nucleotides are complementary to the first nucleotides of the RSS heptamer and result in reduced nonspecific amplification, especially when amplifying low-frequency linker-ligated targets. The BW-1H primer was not used to generate PCR products for DNA sequencing.
PCR products were analyzed by electrophoresis through 1.2% agarose gels and transferred to Zetabind under alkaline conditions as described (Schlissel et al. 1991a ). The blots were hybridized to appropriate OLB-labeled probes. Control PCR assays used specific primers (CD14 L and CD14 R) to amplify an irrelevant genomic locus (the murine CD14 gene) from these same linker-ligated DNA samples.
Klenow polymerase, T4 DNA polymerase, alkaline phosphatase, and T4 polynucleotide kinase were purchased from Boerhinger Marmheim and used in buffer systems as described (Ausubel et al. 1987) . Enzymes were heat killed at 70~ for 15 min prior to linker ligation. The control plasmid DNA for these enzyme treatments, pRBJCn (Lewis et al. 1982) , was first digested with HindIII, ScaI, or SphI and purified by phenol extraction and ethanol precipitation. The appropriate cut plasmid {1 ng) was mixed with 3 ~g of thymus DNA before the enzyme pretreatments or controls (Fig. 4) . These internal control fragments were detected by a nested PCR strategy using primers InS,/K1-2, and BW-1.
Cloning and sequence analysis of amplified DNA
Primers were removed from PCR products by ultrafiltration. The PCR products were then digested with appropriate restriction enzymes and cloned into pBSK II (Stratagene). Inserts were grouped by size, and members of each size class were sequenced by the use of Sequenase as recommended by the manufacturer (U.S. Biochemical).
PCR assays for immunoglobulin gene rearrangement and RAG-1 transcription
D-to-Jn , V-to-DJH , and V-to-JK gene rearrangement PCR assays were performed as described previously under conditions where the intensity of the PCR signal is proportional to the frequency of the target in a mixed population of cells (Schlissel and Baltimore 1989; Schlissel et al. 1991a, b) . RT PCR was performed on guanidinium thiocyanate-purified total RNA as described (Chun et al. 1991; Schlissel et al. 1991a} .
Isolation and analysis of thymocytes at different stages of the cell cycle
Thymuses were harvested from wild-type newborn mice (day 4) and disrupted by teasing between the frosted ends of two microscope slides. The single cell suspension was washed once in PBS supplemented with 10 rnM HEPES {pH 7.5), strained through nylon mesh, and adjusted to a concentration of 4x 106/ ml. Propidium iodide {to 50 ~g/ml) and NP-40 (to 0.025% } were then added, and the cells were incubated on ice for 30 min. Flow cytometry was carried out on a FACStar vLUs system {Becton Dickinson) using 488-nm excitation and detection at 585 nm. Doublets and higher order aggregates were gated out by fluorescence pulse width. For reanalysis, an estimated l0 s cells from each pool of sorted fractions were gently pelleted by centrifugation at 600 rpm for 15 rain and restained in a volume of 100 ml of a staining solution containing 50 ~g/~l of propidium iodide and 0.025% NP-40. DNA was prepared from the sorted fractions and from unsorted cells as described above.
Oligonucleotide sequences
Oligonucleotide sequences are as follows: BW-1, 5'-GCGG-TGACCCGGGAGATCTGAATTC-3'; BW-1H, 5'-CCGGG-AGATCTGAATTCCAC-3'; BW-2, 5'-GAATTCAGATC-3'; MuO, 5'-CCGCATGCCAAGGCTAGGCTGAAAGATTAC-C-3'; MuO2, 5'-TCTCTTGTCACAGGTCTCACTATGC-3'; Dfll6.1B, 5'-GCCTTCCACAAGAGGAGAAG-3'; Dfll6.1, 5'-GAAGTCCCCCAGA_KACAGAC-3'; Ko, 5'-CCACGCATG-CTTGGAGAGGGGGTT-3'; Ko3, 5'-AGTGCCACTAACTGC-TGAGCCACCT-3'; CD14L, 5'-GCTCAAACTTTCAGAATC-TACCGAC-3'; CD 14R, 5'-AGTCAGTTCGTGGAGGCC-GGAAATC-3'; H2L, 5'-CGATTACATCGCCCTGAACG-3'; H2R, 5'-GCTCCAAGGACAACCAGAAC-3'; JK1-2, 5'-CCG-GATCCTCTTGTGGGACAGTTTTCCCTCC-3'; JKS, 5'-CC-AAGCTTTCCAGCTTGGTCCCGCCTCCGAA-3'.
RAG-1 and immunoglobulin gene rearrangement assay primers were as described previously (Chun et al. 1991; Schlissel et al. 1991a ).
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